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ABSTRACT
The SOFIE (Intelligent Assisted Bicycles) project wishes to
create performance and design guidelines for mechatronic appli-
ances which improve the stability of electric bicycles, so-called
intelligent stability assist devices (IAD). To achieve this goal, a
stability hypothesis, an advanced rider/bicycle model and bicy-
cle stability test bench, will be created. This paper describes the
development of these components and its goal is to present the
project design. The stability hypothesis is based on the concept
that the Centre of Mass (CoM) of the bicycle/rider system stays
within certain lateral margins from the heading of a bicycle. The
rider/bicycle model is created in Adams for multi-body dynamic
simulations. The bicycle stability test bench is designed to be in-
terchangeable between bicycles. The model, the test bench and
the stability hypothesis will be used to validate the effectiveness
of the IAD’s and assist in their design.
NOMENCLATURE
SOFIE Slimme Ondersteunde FIEts (Dutch). Intelligent as-
sisted bicycles.
IAD Intelligent Assist Device.
IMU Inertial Measurement Unit.
CoM Centre of Mass.
CoP Center of Pressure.
INTRODUCTION
Bicycle dynamics and stability has been a subject of interest
for many years [1, 2]. Studying the stability of the bicycle can
lead to design guidelines for more stable bicycles. Within the
SOFIE-project we wish to add mechatronic appliances to electric
bicycles in order to improve the bicycle/rider system stability and
thereby increase the safety of cycling.
Rider movements and rider perception are important when
assessing the stability of a bicycle rider. The rider needs to feel
comfortable and confident. Most studies focus only on the sta-
bility of the vehicle and ignore the influence of the rider [3, 4].
Their models use linearisation techniques and a simplified tyre-
road interaction model, which could lead to overlooking the real
problem. To realistically assess stability of a bicycle-rider sys-
tem a more detailed system description is necessary.
In order to create performance and design guidelines for the
Intelligent Assist Devices (IAD), methods and tools to assess sta-
bility need to be developed. A detailed model of the bicycle-rider
system as well as a test bench which is able to measure all the
important parameters for stability are necessary. The model and
test bench are tightly connected and dependent on each other.
A stability criterion determines whether the system is in a sta-
ble situation. Such a criterion does not yet exist in literature for
cycling.
In this paper we present a multi-body model, a test bench
and a new stability hypothesis for cycling based on criteria pre-
1.Stability Margin Definitions
4.Cycling Scenarios* 5.Required Parameters
Normal Riding Control Present
Straight line 
cycling.
Steady state 
corner.
Scenarios
Active control of 
the stability of 
the system is 
being performed.
Perturbation of 
the system or 
error in the 
control has 
occurred.
Scenarios
CoM and CoP 
are 'near' to 
the same line 
between the 
two contact 
points (which 
is not 
necessarily 
on the 
heading).
CoM is not 
'near' to the 
line between 
the two contact 
points.
* Top view of bicycle with the two 
wheel contacts.
3-D 
accelerations of 
the bicycle and 
tyre-road 
contact.
lab/outdoor  
subjective (human) 
measurements.
Safety Margin
lab/outdoor 
model
(lab/outdoor).
Stability Margin
Unstable region
2.Hypothesis Definitions 3.Margin calculation
Stability hypothesis version 1The maximum difference between the 
CoM and the Heading in lateral direction 
determines the margins. 
Stability hypothesis version 3The maximum difference between the 
CoM and the CoP determines the 
margins, with the CoP as the reference.
Stability hypothesis version 2The  maximum difference between the 
CoP and the Heading in lateral direction 
determines the margins.
The vector 
determined by 
the in-plane 
projection of 
the frame onto 
the ground.
CoM
CoP
Heading
Margin dependent on the rider, 
forward velocity and cycling 
scenario.Centre of Mass of the system 
(bicycle and rider) 
Center of pressure 
of the system. CoP 
is defined as the 
resultant lateral 
and vertical forces 
occurring at the 
tyre ground 
contact.
Bicycle lean angle and
frame dimensions.
Heading
6. Experiments
Bicycle CoMBicycle 
dimensions, 
lean and 
steering angle.
Rider CoM
Dimension of 
torso, legs, 
head, arms and 
their 
movements.
Bicycle CoP
Torso, legs, 
head, arms
accelerations.
Rider CoP
model
(lab/outdoor).
Normal Riding 
Margin
Stability Margin
Safety Margin
1
2
3
4
Lateral margin 
wherein the CoM/
CoP stays during 
normal cycling.
2.Safety Margin
Perceived margin 
wherein the CoM/
CoP stays and the 
rider feels 
comfortable and is 
able to recover.
3.Stability Margin
Margin wherein the 
CoM/CoP stays that 
is physically stable, 
but the rider feels 
unsafe.
Unstable region
4.Unstable region
Region where the 
bicycle is unstable 
and returning to a 
stable position is 
not possible.
CoP(t) or
Heading(t)
1.Normal Riding 
Margin
Normal Riding 
Margin
Lateral
Direction
Figure 1. THE SOFIE STABILITY HYPOTHESIS.
viously used to assess balance during stance and gait [5, 6].
SOFIE STABILITY HYPOTHESIS
The SOFIE project proposes a working hypothesis based on
subjective and objective measurements to qualify and quantify
cycling stability respectively. The subjective stability parame-
ter refers to the feeling of stability of the cyclist. The objec-
tive stability parameter is based on the concept that the Centre
of Mass (CoM) of the bicycle/rider system stays within certain
lateral margins from the heading of a bicycle and is derived from
definitions of stability used in stance and gait analysis. This hy-
pothesis will now be discussed by making use of the Fig. 1 as
the main resource for its description.
The definition of the CoM, CoP and Heading is described in
Block 2 in Fig. 1. The hypothesis defines a number of stability
margins in Block 1 in Fig. 1. The first version of the hypothesis
will use the CoM for the margin calculations and if needed fur-
ther developed to use the CoP (see Block 3 in Fig. 1) for a more
complex/accurate stability hypothesis.
The objective stability margins (Normal Riding Margin and
Stability Margin) are functions of the rider who is cycling, the
velocity and cycling scenario (see Block 4 in Fig. 1 for cycling
scenario descriptions.) The subjective margin, i.e. the Safety
Margin, will be determined from the perceived feeling of safety
of the rider. The Stability Margin will possibly be determined
from experiments but most likely determined using the model
because of safety concerns.
This design of the stability hypothesis is able to measure
the physical stability of the rider/bicycle system and the riders
perceived safety. The combined result leads to a method that is
able to analyse the benefit of an IAD to the physical system and
to the riders feeling of safety.
Stability hypothesis verification
Existence of the Safety margin in the order shown in Block 1
in Fig. 1 is based on the assumption that people experience these
different regions of stability. After the performance of experi-
ments it could turn out that this order is not correct. For example,
in more challenging cycling tasks the normal riding margin may
expand and ‘touch’ the safety margin. The Safety Margin, will
be determined from the riders feedback: A questionnaire will
include individual cycling task scoring regarding the feelings of
experienced safety and fear of falling.
Block number 5 in Fig. 1 describes what is required for
the estimation and calculation of the CoM, CoP and Heading.
Block 6 in Fig. 1 gives a brief description of experiments that
are needed to determine the different margins. The model will
be used to aid in the calculation of the CoM and CoP. The bi-
cycle stability test bench section will describe how the different
parameters required to prove the SOFIE stability hypothesis will
be measured.
MODEL
An advanced multi-body model will be used to assess the
stability of a bicycle-rider system in several problem scenario’s
(such as riding at low velocity, cornering at high velocities and
during sudden avoidance’s/perturbations) and help in the calcula-
tion of the CoM and CoP. The model should be able to simulate
any kind of bicycle and/or rider (using a parametrised model)
within the target group. The model will be used to gain insight
into the effect of different parameters on the stability of the sys-
tem, which could lead to design guidelines for the IAD’s. Fur-
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Figure 2. BICYCLE AND RIDER MODEL
thermore the model will be used to test preliminary IAD con-
cepts and used along with the test bench and stability hypothesis
to evaluate the performance of the IAD’s.
Literature review has revealed some limitations of existing bicy-
cle/(rider) models: a simplified tyre-road contact model, restric-
tions to only small deviations from an equilibrium configuration,
lack of a good rider model (no mechanical behavioural response),
lack of realistic control behavioural response of the rider, lack of
a stability criterion [4,7,8,9,10,11]. Cain et al. found that a sim-
ple model is does not predict the steering torque well, especially
when the rider leans. This could be caused by simplifications
in the model [12]. Motorcycle dynamic models already include
some of these features [13], for example Cossalter et al. devel-
oped a passive rider model and a 3D road-tire model [14].
A new 3D model is presented here, which combines the bi-
cycle dynamics, an advanced tyre-road contact model, the bio-
mechanics of the rider, its mechanical and control responses and
interactions with the environment. The model is constructed
with the software package Adams (http://www.mscsoftware.
com/adams) for multi-body dynamic simulations.
Bicycle and Rider Dynamics
The bicycle dynamics are captured in four rigid bodies: the
rear frame, front-assembly, rear wheel and front wheel as de-
picted in Fig. 2. The wheels are interconnected with the frame
by revolute joints. The rear frame and front assembly are con-
nected by a revolute joint at the steering axis. A torque around
the steering axis simulates steering inputs and an actuation torque
on the rear wheel axis regulates the forward speed.
Another four rigid bodies represent the dynamics of the
rider: the upper-body (torso, head and upper arms), the pelvis
and the two legs. The pelvis is fixed to the frame of the bicy-
cle. Upper-body movement is accomplished by a spherical joint
between the pelvis and the upper-body at the position of the ver-
tebral joint L4/L5, allowing rotation in all three directions. The
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Figure 3. DEFINITIONS OF THE TYRE MODEL ACCORDING TO SAE
STANDARD: x,y,z represent the global coordinate system, xw,yw and
zw represent the coordinate system in the wheel centre. C=contact
point, v=forward velocity, Fz=vertical force, Fx=longitudinal force,
Fy=lateral force, Mx=overturning moment, My=rolling resistance mo-
ment, Mz=yawing moment, α=side-slip angle, γ=camber angle and Ω
the angular velocity (Image derived from [18]).
legs have one degree of freedom: rotation around an axis through
the hip and ankle, enabling lateral knee movements. Joint stiff-
nesses are modelled using a torsion spring/damper around the
rotation axis of the joint, to prevent uncontrolled movement of
rider parts. The torso is connected to the handlebars by two
spring/dampers which allow steering movements. The stiff-
ness of the springs controls the tightness of the riders grip (co-
contraction of arm muscles) on the handlebars.
Preliminary geometry and mass properties of the bicycle are
based on an experimental bicycle (representative for a typical
Dutch electric bicycle), which is used for validation experiments.
The rider dimensions and mass properties were based on an av-
erage person [15]. Figure 2 shows the 16 measured points from
which the model is built. The model will be parametrised.
A control model will be developed based on human bal-
ance control models used in stance and gait [16]. Output of this
model are steering torques and torques which actuates lateral
knee movement and upper-body lean (the three control mecha-
nisms used by the rider to control the bicycle [17]).
Tyre-Road Contact Model
The tyre-road contact is modelled with the ‘Pacejka 2002’
tyre-road contact model available in Adams/tyre [19]. The mod-
els developed by Pacejka were named the ‘Magic Formula’, be-
cause they have no particular physical meaning, but can be used
to fit a wide variety of tyre behaviour [19, 20]. Each tyre is char-
acterised by 10-99 coefficients in total, fitting experimental data
to the model. The general form of the Magic Formula is shown
in the equation below, were b, c, d and e represent fitting coeffi-
cients and R a force or moment resulting from a slip parameter
k.
R(k) = d · sin(c · arctan(b(1− e)k+ e · arctan(bk))) (1)
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Figure 4. THE BICYCLE STABILITY TEST BENCH GOALS.
Experimental data measured with the rotating disc machine,
found at the University of Padova, is used to derive the Magic for-
mula coefficients and these results will be published elsewhere.
Input to the model are tyre and road data (road data contains di-
mensions, shape and a value for the road friction (µ), tyre data
includes tyre dimensions, mass properties, stiffness and damp-
ing values and the Magic Formula coefficients). From this input
the load and slip of the wheel are calculated, output are the forces
(Fz, Fx, Fy) and the moments (Mz, Mx, My) at the contact point
C (defined as the intersection of the wheel centre plane with the
road tangent plane and the plane trough the wheel spin axis, as
depicted in Fig. 3). In the radial direction this model considers
the tyre to behave as a parallel linear spring/damper. The lateral
force depends on the side-slip angle α and the camber angle γ
(see Fig. 3 for the definitions). The tyre deforms with the con-
tact on the ground and the contact patch (the portion of the tyre
which is in actual contact with the road surface) variates with
characteristics of the tyre, the camber angle, the side-slip angle
and external factors, such as the load and inflation pressure.
BICYCLE STABILITY TEST BENCH
The goals and requirements of the bicycle stability test
bench are shown in Fig. 4. Thus the test bench is designed in
a manner whereby it is easily interchangeable between bicycles
for many different types of bicycles.
The test bench will be used for a number of different func-
tions within the project. The model needs to be validated, thus
we need to have data to validate against. These data will be
created by the test bench. The stability hypothesis needs to be
proven or disproved, thus experiments are performed to achieve
this.
Design
The test bench is designed with an architecture to enable it
to fulfil the goals of the test bench, model validation and sta-
bility hypothesis verification and adapt to changing insights and
requirements as the project progresses. The design has five dif-
ferent sub-systems each shown in its own coloured block in Fig.
5 and described below:
1. A ‘Data processing back-bone’ is designed to standardise
Forward velocity and 
pedaling cadence
Why?
How?
Stability hypothesis, 
model validation
Standard ANT+ 
commercial sensors.
2
Why?
Rider bicycle interfaces and 
rider dynamics
How?
model validation
Interfaces - force sensors on 
seat, handlebar and on pedals.
5
Stability hypothesis, CoM 
calculation
Rider behaviour - Video
Kinematics - X-sens suit, IMU  
or video
Why?
4
How?
Data 
processing 
back-bone
1
Stability hypothesis, CoM 
calculation
IMU on steering and frame.
(Potentiometer if not 
accurate enough)
How?
Why?Lean and steering angle3
Rider behaviour and 
kinematics
Figure 5. THE BICYCLE STABILITY TEST BENCH DESIGN.
the processing of data. The ‘SOFIE-HDF-FORMAT’
(https://github.com/agcooke/Sofie-HDF-Format) software
tool was created to achieve this. It handles the conversion
of data from different systems to a common format which is
easily processed by the various software tools in the project
(Python, Matlab and Adams).
2. The ‘Forward velocity and cadence’ subsystem is cre-
ated using commercial ANT+ sensors. ANT+ (http://www.
thisisant.com) is an open wireless communication protocol
used in the fitness industry to communicate between low-
power sensor devices and a central data-processing unit. Ad-
ditional ANT+ sensors (such as pedalling power sensors)
can be added at a later stage.
3. The ‘Lean and steering angle’ sub-system is being de-
signed to use a modern inertial measurement unit (IMU)
from Inertia Technology (http://inertia-technology.com/).
The difference between the IMU measured angles on the
bicycle frame and on the steering column will be used to
determine the steering angle.
4. The ‘Rider behaviour and kinematics’will include a video
camera system. The video camera’s will be used to evalu-
ate an experiment if we observe anomalies in the data and to
interpret rider behaviour. The rider kinematics will be mea-
sured using an X-sens MVN (http://www.xsens.com/) suit,
VICON markers and eventually a simplified system using
video or a minimal number of IMU’s.
5. The ‘Rider bicycle interfaces and rider dynamics’ are
needed to validate the model and determine how a rider con-
trols the bicycle. We are going to create force sensors on
the handlebars (where the rider grips the handlebar), on the
pedals using an off the shelf fitness product and on the seat.
This sub-system is still in the conceptual design phase.
Blocks 1 to 3 in Fig. 5 have been implemented and preliminary
data are measured.
DISCUSSION AND FUTURE WORK
The incorporation of objective and subjective criteria in the
SOFIE stability hypothesis creates a comprehensive measure of
stability, in real world scenario’s. This will create a novel stabil-
ity performance measure which will aid in the design of not only
dynamically stable bicycles and IAD’s, but also bicycles that the
cyclist perceives as safer.
The presented advanced multi-body model is the first model
which combines bicycle dynamics, rider bio-mechanics, rider
control and an advanced tyre-road contact model. It is able to
simulate behaviour in the non-linear regime, unlike most other
models. This is required because bicycle accidents occur during
situations which are highly non-linear, like manoeuvring due to
slippery roads. A disadvantage of the model is the complexity,
which complicates the isolation of the effect of a single parame-
ter. Therefore an extensive sensitivity study and parameter anal-
ysis is required.
The design of the test bench will enable it to be used in ver-
satile situations, a possible side-effect of this versatility is the
increase in complexity required to synchronise and analyse data.
Future work
The test bench needs to be used to validate the model against
the benchmark model [4] to prove that the model is a valid repre-
sentation of the dynamics of riding a bicycle. The model will be
parametrised to be able to model any type of bicycle and rider.
Furthermore the model will need to design and implement a rider
control model.
Once the SOFIE project has a validated model and func-
tional test bench system, the robustness of the SOFIE stability
hypothesis needs to be thoroughly investigated. A simulator en-
vironment is a possible further development to a more advanced
experimentation set-up for bicycle research.
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